In this paper, we have explored the feasibility of 8-level pulse amplitude modulation (PAM8) format for realizing beyond 100 Gb/s transmission in a bandwidth-limited intensity modulation and direct-detection (IMDD) system. Generally, Volterra equalizer is a practical algorithm which can be used in bandwidth-limited system to combat the linear and nonlinear impairments. However, we observe that the performance of Volterra equalizer would be restricted by a phenomenon of level-dependent equalized effect, especially in low optical signal-to-noise ratio case. To cope with this problem, a tap coefficient decision directed Volterra equalizer (TDD-Volterra) with multiple sets of tap coefficients is proposed. The optimal set of tap coefficients is selected according to the decision results of input symbols before equalization. By this means, the TDD-Volterra is effective for overcoming the level-dependent equalized effect. By using the proposed TDD-Volterra, 180 Gb/s PAM8 signal is successfully transmitted over 2 km standard single mode fiber in an IMDD system with the 10-dB bandwidth of 17.5 GHz for the first time. The achieved bit error rate (BER) value is below the 7% overhead hard-decision forward error correction threshold of 3.8 × 10 −3 . Moreover, the performance comparison among decision-directed least-mean square equalizer, Volterra Equalizer, and TDD-Volterra are analyzed in this paper. The experimental results show that compared to the conventional Volterra equalizer, the algorithm complexity of TDD-Volterra is decreased by over 50% for achieving a given BER value. Our research may provide a solution for beyond 100 Gb/s short-reach applications using bandwidth-limited electro-optical components.
I. INTRODUCTION
New applications such as the 5 th generation (5G) wireless communication, virtual reality and cloud computing lead to the explosively increased data traffic. All of these services have driven the capacity demands for short-reach optical links such as datacenter interconnects (DCI) [1] , [2] . Due to the low cost and simple architecture, intensity modulation The associate editor coordinating the review of this manuscript and approving it for publication was Qunbi Zhuge . and direct-detection (IMDD) scheme is more favorable for DCI. In recent years, some advanced modulations formats such as 4-level pulse amplitude modulation (PAM4) [3] , [4] , discrete multi-tone (DMT) [5] and carrier-less amplitude and phase modulation (CAP) [6] , [7] have been intensively discussed in IMDD systems. These researches show that PAM4 is a better solution by considering the power consumption, the transmission performance and the complexity of transceivers [8] , [9] . Therefore, PAM4 has been adopted for several distance categories in IEEE 200 GbE and 400 GbE standardizations [10] . However, the short-reach applications still face an urgent requirement in capacity even though the data rate per lane has evolved from 25 Gb/s to the current 100 Gb/s. In order to further increase the transmission capacity under the condition of current bandwidth-limited components, PAM8 may have a potential to realize beyond 100 Gb/s transmission. Up to now, many schemes based on PAM8 have been reported for long-haul and short-reach applications [11] - [18] . For example, an 84 Gb/s vestigial sideband PAM8 signal transmission based on verticalcavity surface-emitting laser (VCSEL) is demonstrated for fiber-invisible laser light communication [11] . 107.52 Gbit/s SSB-Nyquist-PAM8 signal is transmitted over 80 km standard single mode fiber (SSMF) by using an InP-based IQ modulator [12] . 168 Gbit/s single-polarization PAM8 signal is transmitted over 80 km SSMF using dispersion compensation module [14] . 200 Gbit/s PAM8 signal transmission based on the electro absorption modulated laser (EML) is experimentally demonstrated with the help of digital signal processing (DSP) algorithms which include linear preequalization, look-up-table and adaptive notch filter [15] . 255 Gb/s PAM8 signal is transmitted over 2 km fiber at O-band using a dual-drive Mach-Zehnder modulator, and the 10-dB bandwidth of this system is about 37 GHz [16] . Moreover, 260 Gb/s probabilistic shaping PAM8 signal transmission over 1 km non-zero dispersion-shifted fiber is achieved based on a transmitter with 106 GSa/s digital-to-analog converter (DAC) and a receiver with 160 GSa/s analog-todigital converter (ADC) [18] . However, limited bandwidth electro-optical components will significantly degrade transmission performance, and the insufficient effective number of bits (ENOB) of the used DAC/ADC will also lead to bit error rate (BER) floor. To address these problems, the above schemes require not only higher bandwidth electro-optical components and higher sampling rate ADC/DAC, but also the powerful forward error correction (FEC) algorithms such as soft-decision forward error correction (SD-FEC) algorithm with 20% overhead.
Generally, powerful equalizers at the receiver are essential to combat the distortions induced by nonideal conditions such as bandwidth-limited electro-optical components in an IMDD system, especially for the PAM8 signal whose number of levels is twice that of the PAM4 signal. The equalizers based on the decision-directed least mean square (DD-LMS) [19] , the cascaded multi-modulus algorithm (CMMA) [20] , [21] , look up table (LUT) method [17] and the neural network (NN) algorithms [22] , [23] have been proposed for coping with these impairments. Additionally, another nonlinear equalizer called Volterra equalizer becomes more and more popular recently because it can settle linear and nonlinear impairments simultaneously in both IMDD and coherent optical transmission systems [24] - [26] . This Volterra equalizer can also be modified by adding a decision feedback filter behind to suppress the enhanced noise at high frequency [27] . Among all the above equalization algorithms, the equalizers based on DD-LMS and CMMA are effective only for the linear distortions. By contrast, the LUT method and equalizers based on NN or Volterra algorithms can handle both the linear and nonlinear distortions. However, the Volterra equalizer located at the receiver is more flexible than the LUT method located at the transmitter, and the performance of LUT method is worse than the Volterra equalizer in a bandwidth-limited IMDD system [17] . The NN algorithm requires massive training data symbols, and possible pitfalls would exist [28] . Therefore, the Volterra equalizer may have the potential for the bandwidth-limited PAM8-based IMDD system.
In this paper, 180 Gb/s PAM8 signal transmission over 2 km SSMF in a bandwidth-limited IMDD system is demonstrated via simulation and experiment. The effectiveness of Volterra equalizer for eliminating the impairments of PAM8 signal is also investigated. Unfortunately, a phenomenon of level-dependent equalized effect is observed when Volterra equalizer is used, resulting in the transmission performance degradation. To address this problem, the conventional Volterra equalizer is modified by adding an optimization process of tap coefficients based on the decision results of input symbols. In our simulation and experiment, the proposed tap coefficient decision directed Volterra equalizer (TDD-Volterra) is proved to have better BER performance than the DD-LMS equalizer and the conventional Volterra equalizer. Finally, with the help of the proposed TDD-Volterra, 180 Gb/s PAM8 signal is successfully transmitted over 2 km SSMF. The achieved BER value is below the 7% overhead hard-decision FEC (HD-FEC) threshold of 3.8 × 10 −3 . It should be noted that the 10-dB bandwidth of the used IMDD system is only 17.5 GHz, and the sampling rate of the used DAC and ADC is 64 GSa/s and 80 GSa/s, respectively. Besides, compared to the conventional Volterra equalizer, the complexity of TDD-Volterra is decreased by over 50% for achieving a given BER value in our experiment.
II. PRINCIPLE OF THE PROPOSED TDD-VOLTERRA FOR 180 Gb/s PAM8 SIGNAL TRANSMISSION
To investigate the effectiveness of Volterra equalizer for impairments elimination of PAM8 signal in a bandwidthlimited IMDD system, a joint simulation setup based on VPI Transmission Maker 9.0 and Matlab is built up as shown in Fig. 1 . In this simulation, 180 Gb/s PAM8 signal is transmitted over 2 km SSMF in an IMDD system. In Matlab, a pseudorandom bit sequences (PRBS) with length of 2 15 -1 is mapped into PAM8 format, where three bits are coded into one symbol. After up-sampled with over-sampling ratio of 2, this PAM8 signal is pulse-shaped by a root-raised cosine filter with a roll-off of 0.1. In our test, the Baud rate of the PAM8 signal is fixed to 60 Gbaud, thus the sampling rate of the shaped PAM8 signal is 120 GSa/s. To match the limited sampling rate of the commercially available DAC, the shaped PAM8 signal is resampled into 100 GSa/s. Subsequently, the generated PAM8 signal with peak-to-peak voltage of 2V is loaded into VPI, and then it is filtered by an electrical low pass filter (LPF) with 4-order Bessel model to emulate the bandwidth-limited system. The filtered PAM8 signal is used to drive a Mach-Zehnder modulator (MZM) biased at its quadrature point, and the half-wave voltage of the used MZM is 5V. A continuous-wave (CW) laser with optical power of 7 dBm is used as the optical source. The wavelength and linewidth of this laser is 1550 nm and 1 MHz, respectively. Therefore, the net rate of the transmitted PAM8 signal is 180 Gb/s. After 2 km SSMF propagation, the transmitted optical signal is detected by a PIN-type photo-detector (PD) with the responsivity of 1 A/W and the thermal noise of 10 × 10 −12 A/Hz 1/2 . The optical loss and dispersion value of this SSMF is 0.2 dB/km and 16 ps/nm/km, respectively. Finally, the received electrical signal is sent to Matlab for demodulation and performance evaluation. The RX DSP includes resampling, the matched filter, timing recovery, nonlinear Volterra equalizing, de-mapping and BER counting. It should be noted that the linear and nonlinear distortions induced by the nonlinear modulation curve of the MZM, squarelaw detection of the PD, and inter-symbol interference (ISI) because of limited system bandwidth, would damage the signal severely. Therefore, a powerful equalizer such as the Volterra equalizer is required in the receiver [29] . The structure of the used high-order Volterra equalizer is also illustrated in Fig. 1 . This Volterra equalizer is composed of 1 st -order kernel and higher-order kernels, where the 1 storder kernel is responsible for the linear impairments and the higher-order kernels are used to cope with the nonlinear impairments. The input signal x(i) and the output signal y(i) for a k-order Volterra equalizer can be expressed as:
where w m 1 ,...,m r is the tap coefficient of the r-th order kernel, and l r is the memory length of the r-th order kernel. It can be clearly observed that there are more than one terms in Eq. (1), where the first term represents the linear term and the last terms are the nonlinear terms. Obviously, the computation complexity of a Volterra equalizer will be extremely high when the number of Volterra kernel and its corresponding memory length are increased. Three-order Volterra equalizer is enough for compensating most of the impairments in such a bandwidth-limited IMDD system. Therefore, a three-order Volterra equalizer is considered in our scheme, and a threeorder Volterra equalizer with memory length of l 1 , l 2 and l 3 is denoted as Volterra(l 1 , l 2 , l 3 ) for simplicity. Moreover, to speed up the convergence of the Volterra equalizer, adaptive algorithms of recursive least square (RLS) is adopted to obtain the set of tap coefficients as
(2)
The 10-dB system bandwidth is an important index for characterizing the performance of bandwidth-limited IMDD systems. In our simulation, the 10-dB bandwidth of this IMDD system is firstly set to 30 GHz by adjusting the electrical bandwidth of LPF. Figs. 2(a)-2(c) show the BER performance of the received 180 Gb/s PAM8 signal when the parameters of Volterra(l 1 , l 2 , l 3 ) are swept at the optical signal-to-noise ratio (OSNR) value of 18 dB, 22 dB and 24 dB, respectively. The memory length l 1 of the 1 st -order kernel is fixed to 43, which is sufficient to eliminate the linear impairments in our test. It could be seen that the measured BER performance is improved when the OSNR value is increased from 18 dB to 24 dB. Specifically, at a given OSNR value, the measured BER performance can get some improvements as the increase of the memory length l 2 and l 3 , and this could be attributed to the effective elimination of nonlinear distortions. Moreover, the optimal parameters of Volterra equalizer vary with the changed OSNR values because Volterra equalizer will enhance the noise at high frequency [27] . By considering both the computation complexity and the transmission performance, Volterra(43,7,13) is a better option. In addition, the equalized 180 Gb/s PAM8 signals with Volterra(43,5,5) and Volterra(43, 7,13) at the OSNR of 18 dB, 22 dB and 24 dB are plotted in Figs. 2(d)-2(f) and 2(g)-2(i), respectively. Compared to Volterra(43,5,5), Volterra(43,7,13) can more effectively mitigate the nonlinear impairments, contributing to the better BER performance. However, it can be clearly observed that the equalized effect of each level is different when the equalizer is changed from Volterra(43,5,5) to Volterra(43, 7,13), especially at a lower OSNR value of 18 dB. The −1 and +1 levels seem to be difficult to be equalized. We think this phenomenon is related to the signal noise ratio (SNR) of different levels. The system noise could be regarded as white gaussian noise, but the power of different levels for PAM8 signal is different, resulting in different SNR values for different levels. The conventional Volterra equalizer employs only one set of tap coefficients to equalize these levels. Generally, this set of tap coefficients is usually optimal for a certain SNR value, and thus the level-dependent equalized effect occurs. Obviously, this level-dependent equalized effect restricts the further improvement of transmission performance.
To address the level-dependent equalized effect, a modified Volterra equalizer with multiple sets of tap coefficients is proposed. The modified Volterra equalizer is called as TDD-Volterra since the optimization of tap coefficients is based on the decision results of input symbols. Fig. 3(a) presents the schematic diagram of the proposed TDD-Volterra. The black part in Fig. 3(a) is the conventional Volterra equalizer, whose details has been illustrated in Fig. 1 . The red part indicates the modifications which are composed of slicing decision and optimization of tap coefficients. It can be seen that the structure of the modification part is simple, thus the added computational complexity is relatively low. For the PAM8 signal in our simulation, it has eight levels namely [−7, −5, −3, −1, 1, 3, 5, 7]. These levels can be classified into four categories according to their absolute values. The above classification is based on the fact that the level-dependent equalized effects for [−7, −5, −3, −1] and [1, 3, 5, 7] are similar as presented in Fig. 2 . Thus, four sets of tap coefficients are used in the TDD-Volterra. They can be denoted as W s1 , W s2 , W s3 and W s4 , respectively. For a TDD-Volterra with 1 st -order kernel memory length of l 1 , we set the impulse response moment at t = (l 1 + 1) 2. Therefore, the slicing decision operation is applied to the input symbol x(i − (l 1 + 1) 2). Then the optimal set of tap coefficients will be selected from the four sets according to the absolute values of decision result d. Finally, this optimal set will be applied to the Volterra equalizer for equalizing the input signal. Different from the conventional Volterra equalizer that only one set of tap coefficients is used, the proposed TDD-Volterra has multiple sets of tap coefficients and the used tap coefficients is optimized. The equalized 180 Gb/s PAM8 signals by using conventional Volterra and TDD-Volterra at OSNR of 18 dB has been plotted in Figs. 3(b) and 3(c), respectively. It can be observed that the level-dependent equalized effect is mitigated obviously when TDD-Volterra is adopted, contributing to the increase of transmission performance.
To evaluate the performance of TDD-Volterra for the bandwidth-limited IMDD system, the 10-dB bandwidth of this IMDD system is adjusted to 17.5 GHz and 30 GHz by adjusting the bandwidth of LPF. The frequency response of this IMDD system is plotted in Fig. 4(a) . Fig. 4(b) presents the simulated BER curves of 180 Gb/s PAM8 signal as a function of OSNR after 2 km SSMF transmission by using different equalizers when the 10-dB bandwidth of this IMDD system is 17.5 GHz and 30 GHz, respectively. It should be noted that the parameters of these equalizers are optimized to achieve the best BER performance for fair comparison. Volterra (111,23,15 ), TDD-Volterra(63,11,13) and DD-LMS equalizer with tap length of 135 are used when the 10-dB bandwidth of this IMDD system is set to 17.5 GHz. Volterra(43,7,13), TDD-Volterra(43,7,13) and DD-LMS equalizer with tap length of 55 are employed when the 10-dB bandwidth of this IMDD system is set to 30 GHz. As shown in Fig. 4(b) , when the 10-dB system bandwidth is 30 GHz, it is easy for these equalizers to make the BER of 180 Gb/s PAM8 signal below the HD-FEC threshold of 3.8 × 10 −3 . The required OSNR at HD-FEC threshold is 18.7 dB, 20.2 dB and 22.9 dB for TDD-Volterra, conventional Volterra and DD-LMS equalizers respectively. TDD-Volterra has the best BER performance, and it could be attributed to the effective elimination of nonlinear impairments and the level-dependent equalized effects. When the 10-dB system bandwidth is reduced to 
GHz, the stimulated BER values by using DD-LMS
and conventional Volterra equalizer get worse severely, and they cannot reach the HD-FEC threshold. However, when the proposed TDD-Volterra is adopted, the measured BER value can still reach the HD-FEC threshold. Compared to the case of the 10-dB system bandwidth of 30 GHz, the OSNR penalty between the conventional Volterra equalizer and the proposed TDD-Volterra is significantly increased. This could be attributed to the combined impacts of level-dependent equalized effects and the decreased system bandwidth. These results show that the TDD-Volterra has the outstanding ability to deal with the severe distortions of PAM8 signal in a bandwidth-limited system. Fig. 5 shows the experimental setup of 180 Gb/s PAM8 signal transmission over 2 km SSMF in an IMDD system. The experimental setup and DSP flow are similar to the simulation mentioned in Section II. At the transmitter, 50 Gbaud and 60 Gbaud PAM8 signals, corresponding to data rate of 150 Gb/s and 180 Gb/s are generated offline by Matlab. To further mitigate the influence of level-dependent equalized effect, non-uniform PAM8 with unequal Euclidean distance (ED) among the levels is adopted in our experiment. The generation method of non-uniform PAM8 signal is the same as that of uniform PAM8 signal, except that the ED between +1 level and −1 level is slightly increased manually after PAM8 mapping. The eye diagrams of uniform PAM8 and non-uniform PAM8 are displayed in Figs. 5(i) and 5(ii), respectively. The ED between −1 and 1 level is 1.3 times that of the ED among other adjacent levels. Moreover, a pre-equalization operation is applied here because the bandwidth of this IMDD system is extremely narrow. Subsequently, the pre-equalized signal is resampled to 64 GSa/s, and it is loaded into an arbitrary waveform generator (AWG, Keysight M8195A) with 3 dB bandwidth of 20 GHz. The output peak-to-peak voltage of electrical PAM8 signal is set to 1 V. After an electrical amplifier (EA), the amplified PAM8 signal is leaded into an MZM biased at its quadrature point. The half-wave voltage of the used MZM is 5V. A 100 kHz-linewidth CW from an external cavity laser (ECL) with wavelength of 1550 nm is served as the optical source. After 2 km SSMF transmission, the received optical signal is detected by a high-gain PD with differential outputs. A variable optical attenuator (VOA) is used at the receiver to adjust the received optical power (ROP). The detected electrical signal is finally captured by a digital sampling oscilloscope (DSO, LeCroy LabMaster 10-36Zi-A) which is operating at 80 GSa/s for offline process. The offline RX DSP is the same as that used in the simulation. About 1 × 10 5 bits are used for BER counting.
III. EXPERIMENTAL SETUP OF 180 Gb/s PAM8 SIGNAL TRANSMISSION

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
For system frequency response measurement, a multi-tone signal ranging from 100 kHz to 30 GHz is produced in the AWG, and then it is transmitted through the whole system. Fig. 6 (a) depicts the measured frequency response of this IMDD system. It could be clearly observed that the 10-dB bandwidth of this IMDD system is about 17.5 GHz, and the strong filtering effect could be attributed to the cascaded filtering of electrical and optical components used in this system. Obviously, the available bandwidth of this system is far below the required Nyquist bandwidth of the transmitted 60 Gbaud PAM8 signal [30] . Thus, the received signal will suffer from severe damage inevitably in the high frequency part. To alleviate this damage, the pre-equalization technology is performed at the transmitter. In our experiment, the pre-equalizing filter is obtained by sending a known broadband data signal before the test [31] . The electrical spectra of the received 60 Gbaud signal with and without pre-equalization (pre-EQ) are displayed in Fig. 6(b) . It can be seen that the pre-equalization can effectively enhance the high frequency part of the received signal.
The measured BER curves of 150 Gb/s and 180 Gb/s PAM8 signals as a function of ROP after optical back-to-back (OBTB) transmission is presented in Fig. 7(a) . The performance of the conventional Volterra equalizer and the TDD-Volterra is compared, and the parameters of these two equalizers are optimized to achieve their best performance. Volterra (151,23,15 ) and TDD-Volterra(71, 11, 11) are used in our test. As shown in Fig. 7(a) , the BER performance suffers from a severe degradation when the data rate increases from 150 Gb/s to 180 Gb/s, and this could be explained by the fact that the available bandwidth of the system is extremely narrow. It could be clearly observed that when conventional Volterra equalizer is used, only the BER value of 150 Gb/s PAM8 signal can constrainedly reach the HD-FEC threshold, and the achieved receiver sensitivity is −2.6 dBm. However, when the TDD-Volterra is adopted, the receiver sensitivity at the HD-FEC threshold can be improved to −5.2 dBm for 150 Gb/s PAM8 signal, contributing to 2.6 dB power gain. On the other hand, the BER value of 180 Gb/s PAM8 signal can also reach the HD-FEC threshold with the help of the proposed TDD-Volterra. The equalized 180 Gb/s PAM8 signal by conventional Volterra equalizer and TDD-Volterra at ROP of 0 dBm is displayed in Figs. 7(b) and 7(c), respectively. It can be observed that the level-dependent equalized effect can be mitigated effectively and the equalized effect is improved when TDD-Volterra is used.
Figs. 8(a) and 8(b) display the used tap coefficients of the 1 st -order kernel for conventional Volterra equalizer and TDD-Volterra at the case of OBTB transmission. Conventional Volterra equalizer employs one set of tap coefficients to process the input signal, while the proposed TDD-Volterra selects the optimal set of tap coefficients according to the input signal before equalization. If the impairments for each level are uniform, the conventional Volterra equalizer with one set of tap coefficients could effectively address the impairments. However, the conventional Volterra equalizer will not work very well when the impairments for each level are not uniform, leading to the level-dependent equalized effect. On the contrary, the TDD-Volterra can overcome this problem by using different sets of tap coefficients for equalizing different levels. The four sets of tap coefficients W s1 , W s2 , W s3 . and W s4 as shown in Fig. 8(b) are different, thus the level-dependent equalized effect can be effectively eliminated. Specifically, W s1 is responsible for the equalization of level +1 and −1. W s1 is the most different set among the four sets of tap coefficients, and this is consistent with the fact that the level +1 and −1 have the most severe impairments. Moreover, other levels will also have the improved equalization effects because the optimized tap coefficients are chosen with the help of TDD-Volterra. Fig. 9 (a) shows the measured BER performance of 150 Gb/s and 180 Gb/s PAM8 signals after 2 km SSMF transmission, respectively. The same parameters for equalizers in OBTB case are used in this test. Compared to the OBTB case, all the BER performances of 150 Gb/s and 180 Gb/s PAM8 signals after 2 km SSMF transmission become a little worse, and this could be attributed to power fading effect induced by the fiber dispersion. The measured BER value of 180 Gb/s PAM8 signals using conventional Volterra equalizer is difficult to reach the HD-FEC threshold. However, the BER performance of 180 Gb/s PAM8 signal after 2 km transmission can still reach the HD-FEC limit when the ROP is 0 dBm with the help of TDD-Volterra. It can be clearly observed in Fig. 9(a) that the receiver sensitivity of the 150 Gb/s PAM8 signal over 2 km SSMF transmission at the HD-FEC threshold is −4.8 dBm and −1.5 dBm by using TDD-Volterra and conventional Volterra equalizer, respectively. About 3.3 dB power gain is achieved thanks to TDD-Volterra. The equalized 180 Gb/s PAM8 signals by using conventional Volterra equalizer and TDD-Volterra at the ROP of 0 dBm are presented in Figs. 9(b) and 9(c), respectively. It can be seen that the equalized PAM8 signal using TDD-Volterra is much clearer than that using conventional Volterra equalizer.
Figs. 10(a) and 10(b) present the contour diagram of the measured BER value of 180 Gb/s PAM8 signal at the ROP of 0 dBm when sweeping the memory length l 2 and l 3 for conventional Volterra equalizer and TDD-Volterra, respectively. For the conventional Volterra equalizer, it can be observed in Fig. 10(a) that the BER value can be improved as the increase of l 2 and l 3 . Although larger l 2 and l 3 such as 25 and 18 are applied respectively, the measured BER value is still far from the HD-FEC threshold, corresponding to -log(3.8 × 10 −3 ) = 2.42. For the TDD-Volterra, the BER performance improvement is distinct as the increase of l 2 and l 3 . The optimal BER value can reach the HD-FEC threshold, and this BER value can be achieved with smaller l 2 and l 3 value of 11 and 11 respectively. Therefore, to achieve a given BER value, the complexity of the proposed TDD-Volterra is relatively lower compared to the conventional Volterra equalizer. To analyze the computational complexity of TDD-Volterra in detail, the required number of real-value multiplications per symbol during the equalization is calculated. For Volterra(l 1 , l 2 , l 3 ), the number of the real-value multiplier can be expressed as C = l 1 +l 2 ·(l 2 +1)+ 3 2 ·(1·(1+1)+2·(2+1)+· · ·+l 3 ·(l 3 +1)).
Generally, the complexity calculation method of TDD-Volterra is the same as the conventional Volterra equalizer, because TDD-Volterra is a kind of Volterra equalizer in essence. Volterra(151,23,15) and TDD-Volterra(71, 11, 11) are both evaluated in our 180 Gb/s PAM8 signal transmission experiment. The comprehensive comparison between conventional Volterra equalizer and TDD-Volterra is listed in Tab. 1. It can be seen that the proposed TDD-Volterra outperforms the conventional Volterra equalizer in both algorithm complexity and BER performance. The algorithm complexity can be reduced by over 50% ((2743 − 1061) 2743 × 100%). It should be noted that little extra complexity is required for the operations of slicing decision and tap sets optimization since they are very easy to implement in actual circuits. Overall, the proposed TDD-Volterra equalizer have a potential in bandwidth-limited IMDD system, since it has lower algorithm complexity than the conventional Volterra equalizer for achieving a given BER value.
V. CONCLUSION
The feasibility of PAM8 format for realizing the data rate of 180 Gb/s in a bandwidth-limited IMDD system is investigated in both simulation and experiment. A novel TDD-Volterra equalizer is proposed to address the level-dependent equalized effect which occurs in the conventional Volterra equalizer. The experimental results show that the proposed TDD-Volterra is more effective for dealing with the linear and nonlinear impairments, as well as the leveldependent equalized effect, contributing to better BER performance especially in bandwidth-limited system. With the help of TDD-Volterra, about 3.3 dB power gain is achieved for 150 Gb/s PAM8 signal transmission over 2 km SSMF, and the 10-dB bandwidth of the used IMDD system is 17.5 GHz. By using TDD-Volterra, even the measured BER value of 180 Gb/s signal transmission over 2 km SSMF could reach the HD-FEC threshold. Moreover, the TDD-Volterra has lower algorithm complexity than the conventional Volterra equalizer for achieving a given BER value. These results predict that the PAM8 may have a promise prospect in future short-reach applications beyond 400 GbE.
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